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S carbon adsoaoretion study was performed using hydantoin, 


5,5-dimethylhydantoin, and S-ethy1l-S-maethylhydantaoin as salutes. 
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activated carton has low adsorptian capacity for hydantoin, 
aya-dimethylhydantoin, and S-ethy]l-S-methy lhydantoin. Adsorption 
using activated carbon did not appear to be an affective treat- 
ment ‘process for the removal of Hhydantoins from the coal 


Gasification wastewater. 
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system. A Pilot Plant can be dasicned based upon the model and 
kinetic data, which operated under field conditions similar tos 
the full-scale treatment process, can provide data ta design and 
Operate the full-scale carbon contacting system. 

Activated carbon is often used as a contact medium for 


Biaglegical treatment systems Since it has the excellent charac- 


Paiiaetes Of being lbhightweight, having a large surface area, a 
large void volume, and surface properties that are conducive toa 
Bie amoweh of microorganisms (Normann and Frostell, 1977) The 
activated carbon may also adsorb inhibitors toa wticrobea metabolic 
Bien would allow the biological treatmant process to cantinue 
even though inhibitory agents are present in the waste stream. In 


this regard, it is particularly useful as a madium for anaerobic 
filters since anaerobic treatment processes are relatively sensi- 


Mave tuocinhibition. At the present time, anaerobic filters ar 
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being studied as a treatment alternative for the water quench 
Waste stream from a pilot-scale coal gasifier aperatead by thea 
University of North Dakota Energy Research Center (UNDERC) 
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@asitried by a countercurrent flow of hot gases. An oxygen/steam 
Mixture 15 introduced at four tuyeres positioned above the 
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g@ases, devolitalization products an steam exit the tap of the 
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aasiiwenoat approximately 325"F. The hot qasie 
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cooler or water guenching vessel 
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gas liquors 
Micimag with the gas stream removes soluble gases and devolitaliz-— 


Beran Products . The soluble gases removed include NH 


shy 
and Hs Sate the gevoltbadgazcativon products include tars, o115% 


and water vapor. The product gas then i185 processed through an 
aVenniead gas cooler where additional light oils and water vapor 
are removed. 


The wastewater streams in the gasification process 
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Gas hiquors from the spray cooler and light 9115 and water va 
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from the overhead gas cooler. Beth streams ar sent to a 


1g 


tar/oil/water separator wher 


it 


o115 and tar are gravity s#parated., 


THe Wastewater stream is then gravel filtered to ramove residual 


tars and passed through a solvent extraction column for the 
removal of phenol. The solvent used is diisopropy] ether. Tha 
solvent-extracted wastewater is then heated through a heat 
Beehanger to 190°F to 2009F and introduced to a stripping tower. 
A counterflow of steam removes ammonia and acid gases from the 
Wastewater. The solvent-extracted, ammonia-stripped wastewater 


mMoOMmhias the following GCharacteristies (Willsem, et al., 1963): 
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habia Ie Wastewater Characterdstics 


alcohols Aso may | 

Phenols 160 mg/l 

hydantoins 2600 wos 
COD a7 Gis may 
ammonia S60 mg/] 

PH SS 
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The concentration of Hhydantoins was unaffected Ey the 
So0lvant extraction and ammonia stripping. 

aor to introducing the waste stream to the anaerobic 
Mmeneers It 15 diluted ten times and the carbon bad is /operated in 
the expanded mode using recycled filter effluent. hhais di hwtes 
the waste sufficiently to allow the slow-growing anaerobes ta 
metabolize the waste constituents and pravents a shack loading of 
the filter. The anaerobic filters initially ramove substantial 
amounts of COD, but are soon inhibited due to toxic canstituents 
in the waste stream. It 15 possible that the activated carbon 


which makes up the contact medium for the anaerobes is adsorbing 


See Obie anhtbaAtons during the amitial stages of COD removal, 


and upon carbon exhaustion, the inhibitors are no longer removed 
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from the waste stream and produces inhibitary or Borie: oie aks 
on the anaerobic bacteria in the filter. 

From Table 1, the waste component in highest concentration 
is hydantoin at 2600 mg/l. Of the 2600 mg/l; 5,5-dimethy lhydan- 


toin makes up approximately 2100 mg/l and S-ethy1-S-methy lhydan- 
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Pera soo mal (Willson; et al., 198/35). The hydantoins ar 
Primary devolatilization products, but are formed during water 
Quenching and tar-csil Separation from the reaction af ketones 
Cyanides,;, ammonia; and carbon diocxide by the following reaction 
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Hydantoins are not easily degraded by either chemical or 
bomogieal means (Willson, et val., 1983), and could possibly 
inhibit anaerobic metabolism. Should the anaerobic filter efflu- 
ent be used as cooling tower makeup water, the hydantoins must be 


removed to prevent adverse effects on the performance of the heat 
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Vca Pipes 
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exchanger in terms of dissolved solids and possible fouling of 


the heat exchanger surfaces. Also, the environmental effect 
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hydantoins being discharged into the environment are essenti 
unknown at the present time. 

The objective of this research was to determine the adsarp- 
Pioneaimetics of hydantoin, S,s-dimethylhydantoin, and S-ethy1-3- 
-methylhydantoin from water through the use af batch kinetic 
Bests, single, bisolute and trisolute isotherms and column 
studies. Als0, a column study was performed with undiluted coal 
gasification wastewater which had been solvent extracted ana 
ammonia stripped to determine carbon's effectivaness at a treant- 


Ment process for the undiluted stream. 


2. Literature Raview. 


Adsorption from aqueous solution is a system consisting af 
three parts, the adsorbent, the adsorbate, and the solution. The 
Properties of each component of the system affects the overall 
amount of adsorption of adsorbate that can occur. The adsorbent 
used was activated carbon, the adsorbates used were hydantoin, 
J;J-dimethylhydantoin, and S-ethyl-S-methylhydantoin, and the 


Bonvent wsed was distilled deionized water in most cases. 
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Adsorbent., Activated carbon is produced from charring raw 
mavens stieh as caal;, Wood, coconut shells, ail, sugar or other 
Carbonaceéous materials by carbonization and activation 
Processes. Paring -eanbonwizaticn, the wvehar is formed by s howly 
Meating the raw materials to temperatures usually up to 600°C. in 
the absence of air; and additions such at calcium chloride, 
magnesium chloride, and zinc chloride may be added to catalyze 
the process or to impart certain properties in the final 


aetiveated carbon (Hassler, 1963). Once heated, 
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"activated" by exposure to oxidizing gases such at carban 
Seeetee, Steam; or air. The activation process "burns out” 
readily oxidizable materials ta form micropores and macropores 
Sreminm- the, individual char particle (Mattson and Mark, 1971). Tha 
formation of micropores and macropores provides the large 
internal surface area typical of the activated carbon particle. 
Diinmingeaetivation;, the remaining solid portion of the carbon 
Papenele 1s formed into microcrystallites of carbon. Milerocrtys— 
tallites are structures of fused and turbostratically arranged 
carbon rings. The carbon rings are hexagonal in shape and are 
meteor in the form of planes... The diameter of the planes are 
TmeonieLo to SO angstroms, and are turbostratically arranged due to 
Various functional groups at the edge of the basal planes forming 
bonds of various configurations between adjacent planes. These 


finecnvandal groups consist commonly of carboxyl, phenolic, and 


e™. _ Oo i) Be 


4 


»' 20 Nuvan> oelt beonbetd ‘ noes » 
> werne . ow per lene tiveesoes Poaaw yf Weide 
ioe bawe wertesrnitves 4 2) etyetew.e 

vt eh eens iro? Tevhegd vey ent wo 
oy mi wey sour iegnet of 2/0) 4a ORAS 
ee patent -9 2b foe ‘crear iehbs Bae «te. Ta 


vow ePryvof As sate ane «sht-+o0l & 


fc 
ide 
fi 


tego Ta oWhertssa fvegn e4 Ln 

r 1e4se sac (Cae) osede@eaH) nodies J 
iol reeies, Bi Siveoove wo 

| nit we teh oe SAP Qe ae ree 

= op es emibksae ee woe arenes sidgnih 
is ge M) (afar ¥Bq wih Canbevient 


«} 


ioo ican Sie @eoegervsi mn %a> 


ay Ae cStGg? 6898 eater ius 

viicleee OAeaQaie devefoe gar 

oe \%o sett (evan set=i_ oan! ewer ee ; 

ie veehe TS ee wIORe ame 

; : ic eae is =pnty wedseo ent, cepa 
rT kpig, Oo mve? ws fr baw 

sri h we Pee , sea eeRee GE of 

yy pe 4 4 sowie" Venokdanat 


to4 snot de cus) Veda aohesev Fe 


loomed - «lianwes @ereo ay gtuBave lene 
y 


guinone groups; and sometimes include normal 


and flourescein-tyep 


faeranes, carboxylic acid anhydrides, and cyclic peroxides 


(Matteson and Marl, 19717). Hennig (1965) amployed 


electron micro 


scopy to prove that the edges of the basal planes were the most 


reactive sites (Mattson and Mark, 15371). Measuring the 


of surface oxides formed before and after cl 


crystal five times, he determined that the amount of 


Oxides formed did not change. Since the area of the basal plan 


remained constant, Hennig concluded that tha 
MiiGiesnieeerystallite edges anily. The micr 
Pe ournoaut of individual microcrystallite p 
that occurs 15 enhanced by the vacancies tha 
removal of volatile materials during carboni 
of the micropore is generally ¢100 angstroms 


of the macropores is greater than 100 angstr 
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micropore makes up the majority of the surface area available 


within the carbon particle (Snoeyink and Web 
Carbonization and activation temperatur 

Phestinal size of the microcrystallite and d 

functional group that can be expected to be 


Otiethe Carbon particle. As the activation t 
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@liminated acidic CO,-complexes leaving only CO-complexes on the 
surface of the carbon. Outgassing at 10009C eliminated tha 
CO-complexes leaving the carbon virtually oxygen free, Using thea 
outgassed carbons in adsorption isotherms with phenol, Puri 
determined that the carbon outgassed at 600°C having predomin- 


antily CO-complexes was a better adsorbent the carbon (outgassed 


SeOoMlC) having virtually no oxygen complexes (Puri, 1974). 
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Obviously, activation temperature bear an important role 


ul 


determining the surface characteristics and eventual adsarptisn 
Properties of the activated carbBan. 

Some carbons may have large percentages of oxygen, Rhydragen 
and inorganic ash chemically adsorbed on the surface which would 
affect the carbon's overall adsorption characteristics. 

Oxygen complexes affect the adsorptive properties of the 
Garbon by altering the polarity of the carbon surface. The carton 
surface tends to have lees adsorption capacity for non-polar 
adsorbates when oxygen surface complexes are present, and 
increased adsorption capacity for polar adsorates. Also, adsor- 
bates that have a tendency to combine with oxygen are more 
readily adsorbed than those adsorbates that do not (Snoeyink and 
Weber, 1967). Oxygen may appear on the carbon surface by three 
means: the starting material contains oxygen which remains stable 
during the carbonization and activation processas, oxygen may be 


Physically adsorbed by carbon at room temperatures while in 
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contact with air; and oxygen may be chemically adsorbed durins 
activation by oxidizing agents. Once formed by whatever means, 
the oxygen complexes (CO and CO, complexes) are extremely stable 
and can only be removed by degassing at very High temperatures 
Orurig 1975). The heat of adsorption for oxygen on activated 
fearponeat 209°C is initially about 100-110 kcal/mole (Mattson and 
Mark, 1971). 

Hydrogen may be found as terminal groups attached to the 
fear ocarbon planes of the microcrystallite or as a part of func- 
Sona groups attached to the planes. The amount of inerganic ash 


hoGnidean the carbon surface 16 a function af the inorganic ceon- 


stituents of the starting material and the inorganic salts used 
to catalyze the carbonization process, or used to cause selective 
adsorption in the final activated carbon. The selective adztorp- 
tion may be due to complex formation, ion-pair formation; precip- 
jtation reactions and oxidation-reduction reactions with the 
adsorbate in solution. 

Carbons can be classified by their acid-base adsorption 
characteristics. Carbons activated at temperatures of approxi- 
mately 400°C will adsorb base and are classified as L-carbons. 
Those carbons that are activated at temperatures of 800°C tao 
TO0O0°C and will adsorb acid are H-carbons. Therefore, H-carbons 
will produce a basic pH in a neutral solution while L-carbons 


Will praduce an acidic pH. Electrokinetic studies have determined 
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that H-carbons exhibit a positive zeta potential while L-carbons 
have a negative potential. The negative potential of L-carbons is 
thought to occur due to the presence of acidic functional graups 
on the carbon surface such as phenol, n-lactone, and f-lactone. 
Rolthoff (1963) discovered that Kydrogen peroxide is released 
metorysalution from which acid is adsorbed. Bacedean “this@ diss 
covery, Garten and Weiss (1965) proposed the existence of 
chromene (benzpyran) groups on the surface of H-carbons. The acid 
reaction with the chromene group will form a carbonium ion which 
Mttimniyvanrolyze in Water to form a chromenol group, a weakly basic 
group (Snoeyink and Weber, 1967). Thus, the prasence of the 


ehromene groups on the surface of H-carbons is 


mm 


sponsible for 
the acid-adsorbing characteristics. 

Activation temperatures and oxidizing conditions not only 
affect the type of functional groups found on the surface of the 
@ermvated carbon, but also atfect the pore volume distribution as 
well as pore Surface area, two important factors that may deter- 
Mine selectivity as well as capacity for adsorption. Hazthimota, 
Pine Gno7 a )inmused threes types of coal to study theiaffects af 
activation temperature and oxidizing gas on pore volume distribu- 
tion, pore surface area, and adsorption performance with a sur- 
factant, dodecyl] benzene sulfonate (DBS). Chars were used from 
aimee soureces, Miike coal (ME) from Japan, Victoria coal (VE) 


fromeAustralia; and coconut shell (GS), and were activated. Thea 
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reaction temperatures used for MC were 200°C, 850°C 


Tiematinen two, VE and’ €S; Were activated at 850°C. 


and steam wer 


e the oxidizing gases used in the acti 


while steam alone was used to activate the others. 


ent particle 
§0 Tyler mesh 


Si The resu 


O 


neces in the 


ng 


Oxidizing gas 


Sac se Wane tiaacdeaniomahMGeGs se 9.25) 4s 


1 and 9009: 


Barbon dioxide 


Vatiangeadt ME 


Three differ- 


rand ones save (14 3 W6 mesh) was wsedsfor VG. and 


Its of their experiments showed signif 


pore VvVallume distributions for the ditt 


leant —differ= 


erent 


85 and starting materials. MC activated by steam had 


PaeyMoead Bbimedal distribution (high volume of pore 


and at 4-6 x 
pore 51ze@5), 
volume and a 
distribution 
volume; and C 
volume. Both 
Proposed for 
the MC for CO 
catalyzed by 
would result 
increase the 
ences in the 
materials was 


Structures of 


104 AAW hn eae ons Cane Gl Sas table em at 
ME activated by carbon dieride had 17 


large macropore volume, VO had a gentl 


Seat 6-10 A 
intermediate 
tle micropores 


y sloping 


high in micropore volume to a low in macropore 


S had a large micropore volume and lit 
VC and CS were oxidized by steam. The 
the difference in the pore volume dist 
2 and steam was that the activation re 
mineral matter on the surface such as 
in the formation of macropores, but cao 
volume distribution af the micropores. 
pore volume distributions for the othe 
determined to be dependent upon the i 


the starting materials. The highest 


Le 


tle macropore 

reason 
hibutdans for 
aEtiten of CO? 
iron of nickel 
uld not 

The differ- 
yr starting 
nitial pore 


micrapare 


0's one ) 28082 EO ace A eee tal 
) 39924 j2 S8¥evitaw aoew 16Otem! : 
cf Seay eevee Gntareiae aas 


Y 


“ 


3 ery 
‘een 
bf +) Se 
Setu 25 ‘teed ae a OW 
phe. belot= Sipe y 
, a CO sums 7 @e 
= ae =; a+? 
I m of Pa 
¥ Lre re 5664 
rT tug fo 
neS»>< A i ; 
& Of Sit¥-oe 
ni? o { aa 
oe o S46 t 
T yey 
7. Sry 
: om 
r ns 
o? Pers! 
, ' ed 


oF) s#EV 0156 ot bee soe enehe 


€) On cet babu aetw seare 


a 276 


“+ Gow maete nae _29 109 


> 


= 


{) acre ete eae (ie 
anus (tang Wo wrty | 
Tse Grmilaow sag 
w Bar sdéle Oe eee 
rahfuciyters tenes | 


2"ca @ teew & *or 


ve be ted? isa°OM a 


ombl o 24184 sem egtsy ag 


- ,vpetoim ir Assen me 


es bat, eo 


© o's 22 tee DY ot Ok 


Fa ie est 37h an’ ve® 


"oO wedtsch leaeela wat 


net 


3f uw, 


fi:teltb emuloy saz 


—_ 


emul pw PETTY na? # 


i 
pad 


id of hantaveteb}cese, a 


*o 73a 


volume (pores ¢ 1090 A) was determined to occur at burnout levels 
eo oe0 Tor MC and VC and at 30% for CS. 

The effects af the different starting materials and activa- 
tion conditions on carbon surface area were studied as well. The 
order of surface areas determined was CS > VO> MC(steam) > 
MC (carbon dioxide), respectively. Th2 maximum surface area was 
Boitsaned at lower burnoff levels generally reaching a maximum at 
30-60% burnoff. The pore surface area decreased as the activation 
Hermperature increased from SOOFL to BS09C to SO0C. In Comparing 
the adsorption isotherms for dodecy] banzeane sulfornatea (DBS) oan 


Meesiataivated by steam with different burnout levels, it wa 


determined that as the burnout level increased, the adsorptian 
Capacity increased to a maximum at some burnout level, then 
decreased. The maximum adsorption capacity was obtained at 50-60% 
burnout. In studying adsorption columns with the same carbons, 
the breakthrough time increased as the amount of burnofft 
increased, and would reach a maximum. From the column studies, it 
Was determined that the breakthrough time for MC at 32% burnoff 
was 6.5 times greater than the Breakthrough time for MC at 22% 
Summott, but the pore surface area for the MC at 32% burnoff was 
Only twice as ltarge as the surface area for MC at 22% burnoff. 
Therefore, it was determined that the activation did not increase 
the pore surface to such a large extent, but increased the size 


of the pore radius and thereby, the adsorption capacity of the 
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pores. The work of Hashimoto et al., clearly indicates that a 
difference in starting materials and activation temperatures can 
aeeet tne adsorption characteristics of the final activated 
carbon. The differance in activation temperatures affects the 
size of the pore radius and to a lesser extent, the pore surface 
area. The pore redius 15 a salective factor, since an adsorbate 
Cannot be adsorbed to any great extent if it cannot readily 
travel through the carbon pore mouth. The pore or cumulative sur- 
face area affects the number af adsorption sites availaole for 


adsorption. The greater the cumulative surface area, the mor 


mw 


aaSsomecign that can be axpected to accur for any given system of 
adsorbate and solution. 

Adsorbates. The adsorbates used were hydantain (1), 
teoaecdimethylhydantoin (11), and S-eaethyl=S-methylhydantoin (III). 
inmenee interature, hydantoin 1s technically listed as 
Z2,;4-imidazolidiniedione, has the formula C HaN2O2, and is 
| typically found in anticonvulsants, heat resistant rubber and 


MipltMiahians) sdryeresistant inks, light stabilizers. for plastics, 


and tobacco smoke. The molecule is a pentagonal haterocycle as 


shown below: 
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The R's represent either hydrogen atoms or alkyl groups. The 
molecule 15 nearly planar, and hydantoin crystals are farmed by 
stacking interactions and hydrogen bonds between N(1) and O(6) 
and between N(3) and O(6). OC(7) does not participate in hydrogen 
bonding (Cassady and Hawkinson, 1981). Zief and Edsall (1937) 
determined that the ionizing hydrogens arise from the NH groups 
and not from the CH, group. 5,5-Dimethylhydantoin and 5S-ethy1-S- 
methylhydantoin are hydantoin analegs with alkyl] groups bonded to 
Eso. 

Hydantoins and its alkyl derivatives are also found in coal 
gasification wastewater using lignite as a starting material. 
Season, ft al.s (1983) using gas chromatogaphy/mass spectrometric 


equipment to analyze wastewater from a slagging fixed bed gasi- 
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fier using Indian Head lignite for fuel determined the following 


components to be present: 


3S; I-dimethylhydantoin s-ethyl-S-methylhydantoin 
o-methylhydantoin S-iso0opropyl-S-methylhydantain 
S-methyl-S-propylhydantoin lp3s=dimethyl derivatives 


S,29-Dimethylhydantoin was found to be the mast dominant 
component in the wastewater followed by S-ethyl-S-methy lhydan- 


im foin: ihe weonsentration of hydantains in the candensate water 


fever ded With different operating temperatures and types of coal 


used as the starting material. cnet otanki ty cand e 
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a=s of ketanes 
Snronmewnich hydantoins are synthesized) in the wastewater varied 


Wiehetme moisture content and ash-free content of the star 
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Goal: The residence time and temperature of the condensste water 
in the tar/oil/water separator or spray washer way affec the 
amount and rate of synthesis of the hydantoins from the ketones 
Seiecan;et al., 1983). The hydantoin concentration in coal gasifi- 
Cation wastewater ifs highly dependent upon the operating condi- 


tions of the gasifier and subsequent waste treatment processes. 


Hydantoins must be removed from wastewaters since thease polar 
compounds are not solvent-extracted or readily degraded by 
SVenmcaleor biglogieal oxidation (Willsenyet alalgss). The 
affects of the release of hydantoins into the environment are 
wholly unknown at the present time, but these compounds are known 


carcinogens. 
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Soiventicand Solute Interactions. Althouwgh surface area, por 
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diameter, and surface functional groups on the carbon particle 


Sreenniponrtant ian determining adsarption capacity, the salvent and 


1G 


Sorute Characteristics and interactions are also important. Quit 
often; Traube's Fule is followed (Mattson and Mark, 1971). 
Traube's Rule specifies that polar solutes are praferentially 
adsorbed by polar adsorbants from non-polar solutions, and naon- 


Polar solutes are preferentiaily adsorbed by non-polar adsoarbant 
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Sonvent used is also critical. Should the adsorbent have a high 
affinity for the solvent, more adsorption energy is required for 
the solute to physically displace the solvent moalecules from the 
adsorbent surface. An example of where this relationship is 
important is the adsorption of dimethylformamide (DMF) on Aerosil 
Silica (Lipatov and Sergeeva, 1974). The affinity between DMF and 
Rerast) silica is high. The addition of DMF to a solution of a 
Given adsorbate markedly reduces the adsorption of that 
adsorbate. This is probably due to the strong adsorption of polar 
DMF on silica competing with the other adsorbate for adsarption 
sites. Water would also probably competa with adsorbate far 
@esorption sites due to its polarity. Also, should the solvent 
havea migheaffinityY tor the solute, the adsorption of the solute 
from solution would be reduced. A higher Gibb's free energy would 


be required to move the solute from bulk solution to the surface, 
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and the higher the free energy-of the reaction, the less the 
reaction will occur. Romaly Bttial. 61965) studied theradsorption 
of polyvinyl acetate on carbon, and determined that adsorption 
capacities decreased in order from solutions of methanol, taol- 
uene;, benzene, acetone, trichloroethylene, 1,2Z-dichloroethane, 
ana Ghiacroform. [inechitonotorns, where Phe msolwaTiatyiofcpolyviny 1 
acetate is the greatast,; no adsorption wat observed (Lipatav, 
1974). 

Water as a solvent, may also hydrate the solute molecules 
Making them larger than their actual size. The hydrated molecules 
May be larg# enough to be excluded from the mouth of the carbon 
Pores, and thus; water may indirectly act as a selective agent 
hereadsorption. 

The interactions between the individual solute molecules in 
solution may also affect the adsorption process. Tamamushi 
MBiceomeround while working with surfactants and polar adsorbents, 
such as alumina, polar groups of surfactant molecules would bea 
Seersteted to vadsorption sites on the surface by electrostatic 
aeeractian forming criented monomalecular layers. Bimolecular 
leavers would then be formed by Van der Waals attractive forces 
between the non-polar chains of surfactant molecules (Tamamushi, 
fees.) Therefore, the adsorption of surfactant from solution was 
increased due to interactions between adsorbed molecules and 


Huns sUrhactant moleciies im bude solution. 
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ieee sohutaoin pr in concert with the solute dissoei 
constant determines the solute species, either ionic or 
Pisces will predominantly occur. With non-polar carbon, 
Species tend to be more readily adsorbed than polar spe 
Soca on PH may also affect the polarity af the surface 
tional groups on the carbon surface, A charged carbon 
caused by the dissociation of surface functional groups 
@electrostatically attract or repe the  Sonwre 1m so lut a 


Women coher enhance or diminish the adsorption capacit 


Routinely, the pH used for adsorption in wastewater trae: 


Cie pie of the influent wastewater. Perrich (1981) noted 
Hittin tine case of organic acids and bases, it may be 
to adjust the pH for a 1655 sSaluble, more adsorbable cp 
Seevrein solution. The reduced carbon dosages required 
improved economics frequently offset the additional cos 
adjustment in these applications (Parrich, 1981). 
Temperature variations of the solution alter the 5 
of the solute, increase or decrease the mobility of the 
and solvent molecules (decreases the fluid viscosity as 
delta T > Q) and influence the competition between the 
solvent molecules for adsorption sites. Usually; incre 
temperature decrease the amount of adsorption that will 
However, this is not always the case. On carbon, the a 
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niaeecarePpolyvinyl] chloride increases, while the adsorption of 
Polystyrene is practically temperature independent (Lipatsv, 


1974). ints dithewence ts attributed ta the diffiereneces in selut 
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solubility that occurs in the interactions between solute and 
solvent with temperature variations. In adsorption studies, tem-— 


BPenaulbes are maintained with a minimum of variation to pr: 
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differences in adsorption capacity due to changes in salut 


it 


solubility with temperatur 


it 


hie Missing speed of the solution also affects the kinetics 


of the adsorption process. With guiescent adsorptian, the adsor- 


bemeeparticles will have a boundary layer of salution around th 


m 


Particle which must be traversed by the solute prior ta adsorp- 
on Tints process may be and often is rate bimiting to the 
Process and will increase the time required for physical adsorp- 


Mion aGeeur on all available adsorption sites. With adeguat 


iT 


Mixing, the boundary layer around the particles may be suffi- 
ciently reduced in thickness to cause migration across the 
boundary layer not to be rate limiting. 

Solutes. The configuration and molecular weight of the 
Sovrcesvalso plays a roale in the adsorption process. The rate of 
adsorption of smaller molecules is higher than that of larger 


Monecules due to differances in diffusivity. In’ a multi-solute 


adsorption study, the smaller molecules will be adsorbed first to 
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induividial and combined interactions. Fdpeaetavated tecarban, the 


adsorbent may come from a variety of starting materials activated 


at different process tamperatures. Either variable may affect th 


type of surface functional groups, the acid-base character of 


the carbon, the pore surfac 


10 


anea and size distri butieny and 
surface charge which may affect the adsorption capacity and 


selectivity. The solution variables of temperatur 


m 


» PH, tmixing 
Speed, and polarity affect adsorption through physical and 


Shemiealt tmteractions with the adsorbent and solute. Th 


im 
Ww 
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dations in solutes of size and configuration, molecular weight, 
dissociated or neutral species, and interactions batween solute 
molecules in solution and adsorbed phases also affect the amount 


Siesonstce adsorbed from solution. From’ the “number ef variabl 
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MMmowed., e's not too surprising that a Variety or models 
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to deseribe the adsorption process; and one model that accurate] 


describes one adsorption system may not work at all when applie 


EL 


to a different adsorption system. 


Bangmuireand Freundlich Adsorption Equations. Two of the 


Oldest and still popular adsorption isotherm equatians were tins 
Gevedaped by Freundlich and Langmuir (Jain and Snoeyink, 1973). 


Ticteeangmitir equation is based upon the assumptions of 1) lacal- 


to 


ized adsorption; 2) no interaction between adsorbed molecules; 
no more than one molecule per adsorption site, 4) all sites have 


G@qgualvadsorption energies, and 5) no migration of adsorbed mole- 
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be eventually displaced by larger molecules, corresponding to the 
thermodynamic equilibrium state. 

Concerning the configuration of solute molecules, Belfort 
emo meinestudying the adsorption of organic homologues on 
activated carbon, determined that rigid spherical molecules 
foameenyi=2-propano] or Z2-propanol) have less surface area to 
interact with the carbon surface than a flexible rad-like male- 
Seman putancl or l-propanol). Alto, increased branching tends 
to decrease adsorption capacity. In studying the conversion af 
aldehydes to ketones by the replacement of a Rydrogen by s methyl 
group, Belfort (19793) determinad that adsorptivity increased as 
follows. 

increased adsorption 
| Cg =mo leg) 
acetaldehyde/acetone cea eee (oa 

Propionaldenyde/methyl ethyl 
ketone cen an 

butyraldehyde/mathyl propyl 


ketone Tae ce ae 


Increased adsorptivity was also encountered with the 
addition of OCH. and CH, groups to aromatics. 
In summary, the adsorption process is affected by many 


Variables involwing the adsorbent, solute and solvent and their 
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Slineceane the strface plane of the adsorbent. The equation takes 
fiero lowing form for a single adsorbate system: 

v¥ = oe #7 _ 

A moe + bC) C1) 


and may be linerarlized as follows: 


VOR CATES (ONY een e/ Ch) WZ 


where: 


of 


X = the amount of solute adsorbed per unit weight o 
adsorbent, 
x = maximum value of K that corresponds to monolayer 


coverage of the adsorbent, 


fe: equilibrium concentration, and 


b = bE exp(-E/RT), 


De = constant containing the entropy tearm, 
E = energy of adsorption, 

R = universal gas constant; and 

T = absolute tamperature, 


The Freundlich isotherm equation can be presented by the fol- 


lowing equation (Perrich, 1981): 

Meee (3) 
where: 
EK and n = constants. 


takeing) the logarithm of both sides gives? 
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Sea log-log plot, this gives an equation with a straight 
feneewith a slope of Il/n and an intercept K at C = 1. When values 
of EF and n are determined, the resulting equation can be used to 
Predict X valWUes within the range of experimental data. The 
Preund1lich equation's basis in theory includes immobile adsorp- 
tion and an exponential distribution of adsorption site energies. 
However, the Freundlich equation may describe portions of adsorp- 
tion isotherms of organics on activated carbon in dilute aguesus 
solutions. 

Many other adsorption models and equations exist which 
include the Gibbs adsorption isotherm, the Brunaer, Emmet, and 
Teller (BET) model, the capillary condensation model, the Polanyi 
adsorption potential model, the solvaphobic adsorption theory, 
and the net adsorption energy theory. However, no existing 
adsorption theory takes into account the aqueous solvent com- 
peeins Tor adsorption sites or can predict the preferential 
aesorption of organics on activated carbon without laboratory 


experiments (Miller, 1980). 
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The research involved performing a carbon adsorption study 


on three compounds: 1) hydantoin, 2) 5,5-dimethylhydantoin, and 
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mination of the amount of solute adsorbed per unit weight of 
carbon under continuous flow conditions and under competition. 
The carbon adsorption column using undiluted coal gasification 
Wastewater was utilized to qualitatively determine the effective- 
ness of carbon in removing hydantoins from the wastewater. 

The ultimate purpose of the research was to determine ta 
What extent activated carbon would adsorb the three hydantoin 
analogs studied, and to determine if activated carbon adsorption 
fed wiable treatment alternative for the coal gasification 


wastewater. 
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4. Methods and Materials 


The experimental work consisted of obtaining calibration 
Curves  TOrfanalysis; single solute batch kinetic tests; and 
single, bisoluteé, and trisolute isotherm and column studies for 
each of the three adsorbates, hydantoin; 3;3-dimethylhydantoin, 
and S-ethyl-S-methylhydantoin. Also0, a column study was paer- 
formed on undiluted coal gasification wastewater, The materials 
used and each phase of the experimental wark will be considered 
separately. 
Adsorbent. The adsorbent used for all experiments was Calgon 
| Filtrasorb 400, a bituminous based activated carbon (Calgon 
Seiir te oie The physical properties of Filtrasorb 400 are reproduced 
meom Rossello (1981) and are set forth in Table 2: 


Table 2a Fhysiecal Properties of Filtrasorb 400 


= 


| Total surface area (NoBET method), m “93 1950-12900 

| Bulk density, Ib/ft? 25 

| Particle density, wetted in water, g/cc lea A 
Pore volume, cc/g 0.94 


the: pores sizer distribution reproduced from Rossello (1981) 
is shown in Figure 1. @f the 0.94 ce/g pore volume 0.54 is made 
Heeotemicropores (<100'A.). The remaining 0.4@°ec/g is made up of 


macropores. 
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3) S-ethyl-S-methylhydantoin. rie carbon adsorption study 
consisted of the following: 

a) calibration curves for each adsorbate, 

6b) single solute batch kinetic studies, 

©) single solute isotherm studies, 

d) bisolute and trisolute isotherm points, 


@8) single solute column tudies, and 


i] 


Peoisorute and trisotute column studies. 


iimeaaa1tian,; a colunnm study uwsitng undiluted coal gasifit 
tion wastewater containing predominantly hydantain camepounds was 
performed. 


The calibration curves were performed to enable the deter- 


Mination of solute concentration of any single solute samp] 


it 


using a UV-visible spectraphotometer. The single solute batch 


kinetic studies were utilized to determine the elapsed time 


it 


Becdtinimed tor solution equilibrium to occur an a olute-carbon 


wi 


adsorption system. Rie basics sand trisealutem isotherm points 
determined the adsorption performances of activated carbon for 
the three solutes during solute competition. The single solute 
column studies determined the amount of solute adsorbed per unit 
weight of carbon adsorbent under continuous flow conditions, and 
Provided insight into the relative rates af adsorption of the 


three solutes. The bisolute and trisolute calumns allowed deter- 
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Figure 1. Pore Size Distribution of Bituminous Base, 
Filtrasorb 400 Activated Carbon 
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The carbon used in the experimental work was mechanically 
ground to obtain a Size distribuion of U.S. standard sieve 60 
Si,uWwashed to remove fines; and dried at 103°C for 3 days to 
remove moisture. The carbon wat then stored in a covered acid 


Washed bottle prior to use. 


Adsorbate. The adsorbates used were Hydantoin, 5,5-dimethyl- 


hydantoin, and S-ethyl-S-methylhydantoin. The hydantoin and 5, 
dimethylhydantoin were products of Aldrich Chemical Cs. Thea 
S-ethyl=-S-methylhydantoin was provided by Dr. W.H. Crass. 
The characteristics of the adsorbates are given in Table 3: 
Table 3. Characteristics of Adsorbates 


hydantoin 


melting point 227 9C 
molecular wt. 100.ce8 
pkia Sa lez 


5;5-dimethylhydantoin 


melting point 17E°° 
molecular wt. 128.14 
pEa 9520 


5S-ethyl-S-methylhydantoin 


melting point 180°C 
molecular wt. Ae sdb 7 
pkEa S20 
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Calibration Curves. Standards were prepared by measuring 
aiamerc1es of solid adsorbate directly into weighed 50 ml or 100 
ml volumetric flasks. A Mettler annalytical balance (Mettler 
Instrument Co., Model HS542) was used for all weight measurements. 
After weighing; the solid adsorbate was dissolved in distilled, 


deionized water to obtain a solution of known concentratian. 


a 


Standards were prepared in concentrations ranging from 2790 ma/ 
pomoeo ma/il for each adsorbate. 
A Beckman Model 26 UV-visible spectrophotameter (Beckman 


Pnaceuments Inc.;,; Irvine, Ca.) was used for absorption measur 


um 
! 


ments. A Scan of absorbance vs. wavelength was made for each 


adsorbate. Hydantoin and S-ethyl]-S-methylhydantoin each had a 


maximum absorbance at a wavelength of 193 nm. 3, 9-Dimethy lhydan- 


ftoin had a maximum absorbance at 198 nm.. Absorbance reasponses 
Were measured for each standard three times with responses in tha 


mongesor + of -0.005 absorbance units (+ or - 1-2%). The respons 


i 


data was plotted as absorbance vs. concentration (mg/l) ta abtain 
calibration curves. The calibration curves are shown in Figures 
2:3; and 4.Thereafter, solutions to be measured using the spec- 
trophotometer were diluted,when required, for the absorbance 
Response to fall within the linear portion of the calibration 
curve. Generally, the calibration curve began to be non-linear at 


Eomcentrations Greater than 5S ma/it: 
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Figure 2. Calibration Curve for Hydantoin © 
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Figure 3. Calibration Curve for 5,5-Dimethylhydantoin 
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Figure 4. Calibration Curve for 5-Ethyl-5-methylhydantoin 
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Batch Kinetic Tests. Batch kinetic tests were performed to 
determine the required time for the adsorbate to reach an #9ui1- 
farium concentration with the activated carbon. A 4-)liter beaker 
was used as a reaction vessel. Adsorbate wat added tao the vessel, 
4 liters of deionized water added, and mixed for 17 hour to allow 
all adsorbate to dissolve and for the solution temperature to 
equilbriate to room temperature. The stirrer used was a Fisher 
fegeratary stirrer (Fisher Scientific Co.) with a three-bladed 
Nalgene stir rod. The impeller speed was approximately SOO rFym as 
measured by a Cole Parmer Phototach (Cole Parmer Digital 
Pameetach, Model 1$91-M, Chicago, I11.). Once the adsorbate was 
dissolved, an initial 5 ml sample was removed, diluted, and 
analyzed photometrically. This concentration value was used as 
Aes indtial Concentration. Three (3) grams of carbon were added 
to the vessel and 10 m1] samples were taken at intervals of 3, 10, 
Seen 60, 180 minutes, 3S hours, 24 hours, 30 hours, 42 hours, 
and 120 hours. Before sampling, the mixing was stopped and carbon 
Particles were allowed to settla.. The sample was then placed in 
a centrifuge tube, centrifuged at approximately 3000 rpm for 1 
Minute to remove interferences from any residual carbon finest. An 
aliguot of the supernatant was removed by pipette, and any 
additional solution remaining in the centrifuge tube was returned 


to the reactor vessel. The samples were analyzed to determine the 
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Micgiice cd aby concentration (mg/1) vs. tima (hours). 

Isotherms. Isotherms are used to calculate the amount of 
adsorption per unit weight of adsorbent for various equilibrium 
Gamcentrations. From this data, the amount of carbon required to 
obtain a given equilibrium concentration in the salution can be 
determined. bsotherms: are qenerally «performed with a series of 
bottles with varying solute concentrations with fixed amounts of 
Eamwoanean Varmying amounts of activated carbon with a fixed can- 
centration af solute. The: (baht ties! Taine op lee aid) (tn ‘airshalew sand 
allowed to come to eguilibrium, and the final concentration of 
solute is then measured. 


The single solute isatherms were performed by preparing a 


ne 
o 
= 
Ww 


Sumo ma/ il stock salution of the adsorbate. The batch reac 
Heme ilz2a ml square glass bottles with screw caps. All glassware 


Deaaeaneid cleaned with a 10% nitric acid salution and rinsed with 
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distilled water. Aliquots of the stock solution w 
MiGeaml concentrations of SOO, Z2ZB0, 260, 240, 200, 190, 180, 160, 
140, Som Wao proO, oO -7Oy SO wpeand SG meAliorFoar greater di hu- 
tions; a 40 mg/L stock solution was prepared and diluted to give 
Paue ons containing 40; 20, 10; 3S; and Zmg/k. The initial con- 


Semunrauvian of adsorbate in salwtion was measured spectrophota- 


3 
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oO 
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Metrically. The amount of solution used in sampling was rec 


Aaidewas accatinted for in all calculations. 
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Arter the’ initial concentration had been measured , 125 me 
of carbon was added to each battle. The bottles were tightly 
capped and then, placad on a shaker table (New Grunswick 
Scientific Company, Model VS, Ser 861114, New Brunswick, NJ). The 
shaker rotated at approximately 500 rem as measured by a 


Phototach. The bottles were placed in a wooden box attached ta 


_emewacer tabila at an angle of 15° with respect to horizontal t 


a 


Broavade additional mixing action. Mixing time used was 24 hoa 


Ww 


£0 ansure that solution equilibrium had been attained. The 


i) 
c 
mi 


eguilibrium, sample bottles were shaken an additiona three days 


with no change in solute co 


=) 


centration. After 24ehourss; * the 
equilibrium concentration of solute was determined. The 
calibration was checked at the beginning, midpoint; and and of 
Bach series of tests. Absorbance readings were accurate to + or - 
0.005 absorbance units. The difference between the initial 
cancentratiaon and the final concentration of solution repre- 
sented the amount of solute adsorbed. Enowing the amount of 
carbon added to the bottle and the volume of the solution, the 
amount of adsorbate per unit weight of carbon (X/m) could be 
determined where X is the amount of adsorbate adsorbed and m 15 
the weight of carbon used. The results were plotted on a lag-159 
Pilot of X/m as ordinate and equilibrium concentration, C 


abscissa. 
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A different approach was used for the bisolute and trisslute 
fsetherms. The equilibrium concentration of the multisolute iss- 
therms could not be determined by the spectrophotometer, sin 
the wavelengths at which the adsorbate concentrations were 
measured, 193 nm and 1393 nm, were too close to pravent absorbance 


interference between the variaus solutes. In these case 


ul 
fu 


Beckman Total Organic Carbon (TOC) Analyzer (Model 915, Beckman 
Pretruments; Ines; Fullerton, Ca.) to measure total organic 
Eapoon and a Perkins-Elmer Sigma I gas chromatograph (GC) (The 
Seaean Gimer Corp., Norwalk, Conn.) using a PE Sigma 10 Data 
System was used to measure S,5-dimeathylhydantoain and S-ethyl-F- 
methylhydantoin. The difference between the values far TOC and 
Bema Walwues for 3;S5-dimethylhydantoin and S-ethy)]-S-methyl- 


Avydantoin would yield the concentration of hydantoin present. Thé 


m 


gas chromatograph was operated isothermal at 225°9C using nitrogen 
as a carrier gas with a flow rate of 40 ml/min. Flame ionization 
was used. hiesGeycolumnetised waseE0 >= 1/74" OD, 2 mm ID, packed 
with 3% AT-1000 on 100/120 mesh Chromosorb W-HP (Alltech Azssoac., 
Beertield; 111.) Twenty-five 25) microliter samples were used 
for the TOC analysis by means of an automatic syringe. The sample 
volume used for the gas chromatographic analysis was one (1) 
Mienolitera. The minimum error that can be expected By using gas 


Snnomatographic analysis is + or = 10% (Gross, 19894). 
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Due to the methods raquired for analysis of the bisolute and 
Prasoiute isotherm points, 100 ml of stock solution was poured 
meow eaen Of two bottles; one wsed fer the contreal and one battle 


food torn the isotherm point. Phe solutien was made wp of a mix 


ture of equal quantities of hydantoin and 35,5-dimethylhydantoin, 


hydantoin and S-ethyl-S-methylhydantoin,;, or 5,5-dimethylhydantoin 


and S—-ethy1-S-methy lhydantoin. icece iso lULemmhie Cire was arms 


Eure of equal quantities of each of the three compounds. For 


PSeee mixtures, 125 mg of “carbon was added to the wotherm 


Roihes moa carbon was added to the centrol, and both bottles were 


Shaken for 24 Hours. After equilibrium was reached, the salut 
Concentrations were determined. Individual X/m values for esac 
solute were calculated. For the trisolute mixture, the same 


&yperimental procedure was followed with the exception of the 


amount of carbon added to the isotherm bottle. For the trisol wt 


Bottle, 250 mg of carbon was added to ensure that measurabl 


m 


adsorption of each solute would occur. 

Adsorption Columns. Adsorption column studias wera used t 
@valuate the activated carbon under continucus flow conditions 
Dien mere closely approximate the field applications. ioite - 1etn 
Single, bisolute;, and trisolute columns, pyrex glass columns 1 


Ameneseiong and’ 7/16" inside diameter with 1" end fittings wer 


tne 


1g 


ike 


used.The columns were used in a downflow mode. Ass gallon carboy 


Blevated above the column served as a solute reservoir. The 
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solute flow was controlled using a 125 ml/minute capacity FMI 
pump (Fluid Metering Inc., Model RPG 150, Oyster Bay; N.Y.). 

3/8" Tygon tubing connected the solute reservoir, laboratory 
Pump, column, and drained to a lab sink. The column was packed by 
Pollina ewith washed Ottawa sand of 20 * 30 mesh size at the top 


Gf the open column until the column was filled to approximataly 4 


diameters into tha 7/16" diameter portion. mens sca grams of 
60 x $0 carbon were added toa the column.. The average length of 
the carbon column was &.25 cm. Then, the remainder af the calumn 
Was packed with clean Ottawa sand. All ofa@rations were carried 


out in a Submerged fashion so ast not to entrain any air bubbles 
The Ottawa sand portion used as packing was at least 10 dismeters 
long on each side of the carbon column to ensure that a uniferin 
mass fluid front passed through the carbon column. Deionized 
Water at pH 5.6 was pumped through the calumn until the pH of the 
effluent remained constant and the absorbance of the affluent as 
Measured by the spectrophatometer was within + or - Q,.005 absar- 
bance units of zero. AUS “gallon reserVolr of “the “single, bisal= 
Beer strisalute solution with pH adjusted to 3.6 (with 0.15 N 
MaOH) was connected to the column. The flow rate used was 290 
ml/min which equates to approximately 20.3 ml/em= (5 gpm/tt?). 
The average flow rate used in commercial applications is fram 
8.1-40.6 ml/cem2 (2-10 gpm/ft2). A sample from the reservoir was 


analyzed for the initial concentration both at the beginning and 
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end of the column run. The solute solution was then passed 
through the carbon calumn with samples taken at 135 minute inter- 
as emyPpically, samples were continually taken until 1.5 to 2 
Meir oeatter total exhaustion of the carbon had occurred. Total 


carbon exhaustion was determined when column effluent samp! 


m 
wy 
ai 
tu 
cL 


the same solute concentration as the column influent. 

The single solute Solutions were prepared at a concentration 
of 30 mg/L of each adsorbata. The bisolute solution contained 20 
mg/l of both hydantoin/S,S-dimethylhydantoin, hydantoin/S-ethyl- 
s-methylhydantoin, or 3,5-dimethylhydantoin/S-athyl—-S-methyl- 
hydantoin. hheLtyisolute sSsoiltien contained SU ma/d of each 
solute. The single solute® samples were analyzed spectrophota- 
metrically, while the bisolute and trisolute samples were 
analyzed utilizing TOC and gas chromatography. 

The coal gasification wastewater adsorption column was a 
Seeatagnt 1" x 12” pyrex glass column packed with 20 «x 30 Ottawa 


Zancdeand 30 g of 60 « SU activated carbon. The flow rat utilized 


1g 


was 100 mi/min which equates to 5 gpm/fté. Samples were taken at 
S minute intervals and were taken continuously after carban 
exhaustion had occurred. Two different chromatograph columns were 
used, AT-1000 for alkyl hydantoins and SP-1000 for phenol and 
Eresois. the phenol-cresol GC column was a 6&' x 1/4" OD (2 mm ID) 
glass column packed with 0.1% SP-1000 on 80/100 mesh Carbopakt 


(Supela, Ballefonte, Pa.). The GC program was isothermal at 
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feo Cee Nitrogen was used as the carrier gas with a flow rate of 
20 mi/min;, and a FID detector was used. One microliter samples 
were used for GC analysis while 25 microliter samples were used 
moreet he, TOC analysis. Specific solute concentrations were 
determined by comparison with internal standards. 

PH Control. No phosphate buffer system was used to control 
PH in this experiment. The pEa of the solutes are between G.1 and 
Seamecandiang chat at that pH, halt of the Salute 17s in the ivonte 


nommeamnc half is in the neutral form. Ate sneuntirea i pei and be law, 


BieEesy Stem is essentially cationic in nature. Most experiments 


with single solutes, bisolutes and trisolutes wer Eomdweathed at 


it 


Pa sTiaiiisel Gane by. Less than 7 0k, so Phat the ionic character of 
the system remained essentially constant. However, to evaluate 
the effect of PH on adsorption, several isotherm data pointe at 
PH 4, 7; and 9 were obtained for the extreme limits; high and 
low, and midpoint of the single solute isatherm studies. The pH 
of the solution during the isotherm tests was maintained at the 
Seues Of 4, 7, or FS by use of 9.05 N NaOH and 0.05 N and G.15 N 


HEL as appropriate. For pH adjustment, care was taken toa use Q 


* 
J s o . 


ml oor less of NaOH or HCL to ensure volume errors would be 
minimal. For the first three hours, pH was checked hourly and 
adjusted as necessary. Results of the experiment demonstrated 
that at pH 4 and 7, the X/m values remained constant with little 


meno change from the original iwotherm points. At pH 9, the X/m 
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Yealuwes obtained were consistently much lower than. the original 


isotherm curve. ite particular pH of 5.6 was used because two 


Simgie solute column studies, Hhydantoin and 3,5-dimethy lhydan- 


Sinswith no PH control, consistently had an affluent PH of 
ieomcder to maintain the pH constant for all column studies, 


Baawas adjusted ta match that of the first two studies. The 


i—4 
2.6. 


tne 


important consideration is to maintain the pH value of the solu- 


pion stbstantially below the pka value of the solute to ansure 


Pisteeune onic character af the salute remained canstant. In 
Sassen tne solute was assentially in the form of the catianic 


species. 


In the column study with the coal gasification wastewater, 


the wastewater was usted without pH adjustment. tine pH of the 


Wastewater was measured at §.76. 


Levant te easts., whe RPestlis of, the single solute bateh 


Pamecies tests ara shawn in Figures 5, °6, and 7 


Gonditians are shown in Table 4. 
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Figure 5. Batch Kinetic Curve for Hydantoin 
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Figure 6. Batch Kinetic Curve for 5,5-Dimethylhydantoin 
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Figure 7. Batch Kinetic Curve for 5-Ethyl-5-methylhydantoin 
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hydantoin 


temperature 242 

C. 4350 ma/L 
carbon Owe gel 
stirrer speed 800 rpm 
adsorbate volume 47a 

PH AREY Oct. «als 2 


5,5-dimathylhydantoin 


temperature 2a;S E 

CS 500° mao7Ll 
carbon Bawa isg/7k 
stirrer speed S00 rpm 
adsorbate volume a6: O gl: 

PH aPPrROxtegi2 


5-ethyl-S-methylhydantoin 


temperature 25Pne 

Cc. SOO mg/L 
carbon Bare srk 
stirrer speed 200 rpm 
adsorbate volume ae ee 

PH SPP KOs ee 
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Thiceoyaten kinetie study for hydantoin showed a ¢& 


0 value of 


430 mg/l which decreased to 395 ma/l, the equilibrium concentra- 
Aone a las hour time Usipan. in tact oo of Phe macdsorptdom by 
expeeactivated carbon occurred in the first 20 minutes of thea 
experiment. The same basic sequence occurred for the oather two 
solutes. The batch kinetic tests for 5,5-dimethylhydantoin with a 


_ 


Ch ofegu0 ma7i reach equilibrium concentration after 3 hours, as 
adeeene S-ethyl-S-methylhydantoin with the same initial concen- 
Eration. Heoheat the adsorption of both solutes alsa ogecurred in 
EHeeninrst 20 minutes of the test. 

pmoam cnewbatvehn kinetic test results, the adsorption of the 
Hhydantoins were very rapid. Equilibrium was definitely reached 
after 32 hours for each compound, and therefore, three hours weuld 
be the minimum elapsed time required to ensure that equilibrium 
Concentration is reached. The temperature at which the tests were 
performed was 24-25°C. 


Lane mimbests. he results of the Isotherm tests are shawn 


TieEadtnesesy, 85 and VW.The initial conditions are shawn in Table 
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o Various 
carbon le) egal 
shaker speed SOU rpm 
adsorbate volume TOO mi 

PH ADP Pot. oO. 2 


Bisolute 


temperature FA CMEES S| 
oe 30 mg/L each 
carbon Leo sete (eA 
shaker speed 300 rpin 

| adsorbate volume 1060 mi 

) PH ApPPrOb. oO. 2 


Trisolute 


temperature 23° -C 
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carbon Ze Gree 
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The isotherms for hHydantoin and 5,5-dimethylhydantoin were 


very similar with the only difference being a slight increase in 
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Figure 8. Adsorption Isotherm for Hydantoin 
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Figure 9. Adsorption for 5,5-Dimethylhydantoin 
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Figure 10. Adsorption Isotherm for 5-Ethy1-5-methylhydantoin 
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curvature for the 3,S3-dimethylhydantoin isotherm over the hydan- 
HoOAnewien equilibrium concentrations in excess of 10 mg/l. The 
X/m values for a given equilibrium concentration were also very 
similar. The isotherm for S-ethyl-S-methylhydantoin was much 
different from the other two solutes. Overall, there was a higher 
X/m value for any given equilibrium concentration indicating an 
adsorption praference for S-ethyl-S-methylhydantain aver the 


other single solutes. In examining all three curves as a whola, 


m 


there appears to be a systematic transition in curvature in 
Saneemerations im excess of 10 mg/l from Rydantoin to S-athyi-S- 
methylhydantoin. Also shown are the results of the bisolute and 
trisolute isotherm points. Each point represents the X/m and 
equilibrium concentration found for a given solute in competition 
with the labelled solute. For instance, in Figure &, which is the 
isotherm for hydantoin, the point labelled 5,5 D represents the 
_meavarue found for hydantoin in the bisolute hydantoin/- 
S;J-dimethylhydantoin isotherm point. The point labelled trisoal- 
ute represents the X/m value for Hhydantoin in the trisolute iso- 
therm point. As can be expected, competition tends to reduce the 
amount of adsorbate adsorbed for a given equilibrium concentra- 
Eaogmsce The relative affinity for the various solutes is also 
indicated by the fact that less hydantoin was adsorbed when in 
competition with S-ethyl-S-methylhydantoin than when in competi- 


tion with 53,S5-dimethylhydantoin. When in compatition with two 
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different solutes, the amount adsorbed 15 even less. Sines there 


are only a finite number of adsorption sites available, i 


wi 
= 
vi] 
uw 


reasonable ta assume that the increased competition between 
Sormtes in the trisolute isotherm point caused less of the indiv- 
jidual solutes to be adsorbed than would be the case for thea 
eamaie OF bDIsalute isotherm point. 

In comparing each of the bisolute isotherm points, it 


aoipesaiws that the relative affinity of activated carban is in the 


! 


Maemo hydantoain < S,o-dimethylhydantein «€ S-ethytl-S-=methy) 


hydantoin. 


cr 


The curvature found in the adsorption isotherms represen 


ul 
uJ 


aepareuwre from the strict Freundlich equation at equilibrium 
Gonecent rations over approximately 10 mg/l. Therefore, same of 


the assumptions on which the Freundlich eguation are based ar 


i 


iva for the case in hand. Such assumptions were: 1) exponen- 
tial distribution of adsorption energies, 2) one adsorbate mole- 
cule per adsorption site, 3) no surface transmigration af solute 
molecules, and 4) monolayer adsorption. The three assumptions may 
or may not be valid, but it 15 probable that monolayer adsorption 
aes) | Gectrring at the highest equilibrium concentration 
tested. 

H Tests. The results of the high, medium, and low isotherm 


POInts with PH adjusted to values of 4, 7; and 9 are shawn in 
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Figure 1l. pH Test for Hydantoin 
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Figures 11, 


the 


2; and 13. ine: anat ral condi ieans fer eaeh of 
three solutes are shown in Table 6. 
iabde Ge initial Gonditiens = PH Tests 

temperature 26° ¢ 

Cc. 50 mg/L 

carbon eee ec Ale 

shaker speed 500 rpm 

adsorbate volume 100 mi 

PH 4,733 

The isotherm points with pH adjusted to 4 and 7 provided 

equal K/m values for all three solutes at the medium and high 


Soncemermat ion points. The variation in X/m values at the low iso- 
therm points were small and probably due to experimental error. 
Of consequence were the X/m values of the isotherm points with 


the pH adjusted to 9. These points have 


lower than the single 


less solute is 


7s Therefore, 
an 7. 


coatimn Studies. ne mibial conditions 


Studies are shown in Table 7. 


54 


X/m values 


Solve cunve and (the <ém values 


fom he 


adsorbed at pH 9 than at a pH 


column 


at pH 4 


significantly 


and 


of 4 


= 
> 


; ‘ 
ipss: oF eve? +¥bres Te eae rs 


LB atdeT mt mwoea ate 


. 


‘ise? Sg = apebelGited fevernt’ (9 kfeeT 


‘i Vetev| be Me cttw SF0b6w weet bate 
seluloe eeond The @8Y peniGae 
fy s% af wei Pervey BAF «SONI Se Te 


ep » »le@ecnra bre Frenmée ere 

! To 2eele A\e ont sme 6 

mt ( sfhtoqratea? of ed netenhe 

- ie ev wep ofylges gignle @4hirge 


in 
+) ofulee weal .s768 


.\ @eeT f) swertsen ta 


1 , 2 


10 10 
Cope, le 


Figure 12. pH Test for 5,5-Dimethylhydantoin 
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Figure 13. pH Test for 5-Ethyl-5-methylhydantoin 


r 
a 
E 


~ 9 0 aes 


; 
' 


dc hy helat ‘ ; 


habe. tattial Gonditions 
hydantoin 

temperature 

influent concentration 

flow rate 

carbon 


PH 


S,39-dimethylhydantoin 
temperature 
influent tconcentration 
flow rate 
carbon 


FH 


J-ethyl-S-methylhydantoin 
temperature 
influent concentration 
flow rate 
carbon 


PH 


58 


Column 


Studies 
239 C€ 
ao mate 


20 ml/min 


al 
o . 


Disa 


ad 
ou 


45 


20 


— 
/ 


mn 


Do 


i= 
J 


= 
L 


3 


mg/L 


ml/min 


Sey oS) ag 


=i 


6 


30.5 


20 


ie] 
oe 


5 . 


3 
/ 


may 


mi/min 


4 
J 


g 


sathwsB Ja mated 


 Wreddtabuaty 


norigngaesnes iff 


he 
= a 


Ag 


; 
ntotnmbud tid tems 22 f 

. sees wae 7 

ee Be haut ae 
oder wety 

nod7gs 


Ba 


fable 7 Ceont.. ) 

hydantoin/S,S5-dimethylhydantoain 
temperature teh AS; 
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The results of the single solute column studies are depictad 
fife iagures 14, 15, and 16. To provide a meaningful basis for 
comparison of the ralative adsorption preferences of the three 
Somtees a a caleulation of the X/m values Camount of solute 


aaSorbed per Unit weight of carbon) reveals the following: 
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_ Figure 14. Breakthrough Curve for Hydantoin 
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Figure 15. Breakthrough Curve for 5,5-Dimethylhydantoin 
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Figure 16. Breakthrough Curve for 5-Etnyl-5-methylnydantoin 
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hydantoin AM ao Wee gy 
J;,;J-dimethylhydantoin 31.1 maya 
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20 mets 


iieessm Value for hydantoin is slightiy higher than 
expected. However, if the K/m value of 41.2 me/g with a C 
mg/L is plotted on the single solute isotherm for hydantoain 
(Figure §), it will be seen to be within experimental error. Tha 


Penmaes for the other two solutes plot directly on the 


wi 
al 
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al 
— 
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solute curves (Figuras 9 and 10). Prom fie single salute column 
Satidoes ss it is readily apparent that S-ethyl-S-methylhydantoin is 
more strongly adsorbed than tha other two adzsorteants. 

More vivid evidence for the various affinities of the carbon 
for the different solutes was provided by the bisolute and tri- 
auee breakthrough curves which are shown in Figures 17, 18, 19, 
and 20.The calculated X/m values for the bisolute and trisslute 


Breakthrough curves are shown in Table 9. 


Table 9. Bisolute and Trisolute Column X/m Values 
hydantoin’5,5-dimethylhydantoin 
hydantoin 2 1 O wmaeg 


J+I-dimathylhydantain 36.0 mg/g 
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iabre 9 Ceont.) 
hydantoin/sS-ethy1-S-meathylhydantoin 
hydantoin PSO mets 


s-ethy]—-S-methylhydantoin See OG) Migs 


S;,S-dimethylhydantoin/S-athyl-S-methy lhydantoin 


Syso3-dimethylhydantoin Z2e0 ‘mg/g 

s-ethyl-S-methylhydantoin 76.0 mg/s 
trisalute 

hydantoin iva may g 

S,J-dimethylhydantoin ito Taaeg 

S-ethyl-S-methylhydantoain 33.0 ma/g 


Paenougn from Figure 17 it appeared that the affinity of the 
carbon for hydantoin and 5,S-dimethylhydantoin wat equal, the xX/m 
values for the hydantoin/s,3-dimethylhydantoin in Table 9 showed 
Enact ©he carbon had a higher capacity for 53;S3-dimethy lhydantoin 
over hydantoin. The bisolute curve hydantoin/s/sS-ethyl-S-methyl-—- 
hydantoin (Figure 18) showed a stronger adsorption of S-ethy1-s- 
methylhydantoin by the fact that hydantoin was displaced from the 
activated carbon during the column test. This was demonstrated by 
fie effittent concentration of the hydantein becoming greater than 


Hein hWent concentration. THIS was caused By all hydantoin in 
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Figure 17. Bisolute Breakthrough for Hydantoin/5,5-Dimethylhydantoin 
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Figure 18. Bisolute Breakthrough Curve for Hydantoin/5-Ethy1-5-methylhydantoin 
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Figure 19. Bisolute Breakthrough Curves for 5, 5-DimethyLhydantoin/ 
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a Figure 20. Trisolute Breakthrough Curve 
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the influent passing through the column unadsorbed, and addi- 
tional hydantoin was added to the effluent due to displacement 
fromthe carbon throwgh competition with the mere strongly 
adsorbed S-ethyl-S-methylhydantoin. A comparison of the X/m 
Values in Table 3 also showed that S-ethyl]-S-methylhydantoin was 
more strongly adsorbed than hydantoin. The bisolute curve 
5;,5-dimethy lhydantoin/S-ethy1l-S-methylhydantoin again showed a 
displacement of the more weakly adsorbed solute, 5,5-dimethyl- 
hydantoin, by the more strongly adsorbed S-athy1-S-methy lhydan- 
Pomme.) he X/m values in Table 9 verify that the carbon has a 
nie@mer adsorption capacity for the S-ethy!]-S-methylhydantoin over 
the S,;S-dimethylhydantoin. 

A double displacement effect ocurred in the trisolute break- 
through curve. The most strongly adsorbed S-ethy1]—-S-methy lhydan- 
toin displaced both Hydantoin and 5,5-dimethylhydantoin from the 
carbon as can be seen in Figure 20. From Table 9, the X/in values 
| for hydantoin and 5,5-dimethylhydantoin were equal while the 
carbon exhibited a much higher adsorption capacity for the 
a-ethyil=-S-methy lhydantoin. 


Overall; a review of theresults in Table §$ show an 


adsorption preference of S-ethyl-S-methylhydantoin > 
S;J-dimethylhydantoin > hydantoin. 
TiS aPaascthinolgh clinVvest Tone Ehebaetiane coal gasifaeation 


wastewater is shown in Figure 21. Immediately following is the 
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Death ougih Curve Tor total organic carbon fori the wastewater 
Caatimer2:). the amount of carbon wsed in \vthe column was $0 grams 
with a flow rate of 100 ml/min. From Figure 21, the least 
strongly adsorbed 3,S5-dimethylhydantoin broke through first bet- 
ween 10 and 15 minutes from the start of the teast followed by 
aaeomyi-o-methylhydantoin breaking through between 135 and 20 min- 
utes. 53, 59-Dimethylhydantoin reached carbon exhaustion at 1977 
Mazomwathin To minutes of initiating breakthrough. Jee tiny t—s— 
methyl lhydantoin reached influent concentration after 355 minutes. 
Fhenol did not appear until $5 minutes from the teast start and 


slowly reached exhaustion at 165 minutes. A ligh 
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of solute occurred with S,S-dimethylhydantoin being displaced by 
the S-ethyl-S-methylhydantoin. Also, slight displacement of the 
Saeemyicoa-methylhydantoin by the.phenol occurred. 

The X/m values for each of the solutes measured in the coal 


Gasification wastewater area shown in Table 10. 


rable wo. Goal Gasitication Wastewater X/m Values 


5, 3-dimethylhydantoin 35.5 mgs 
S-ethyl]-S-methy lhydantoin 41.8 mars 
Phenol 64.5 mg/g 


At face value, it appears that 3,5-dimethylhydantoin was 


momestrongiy adsorbed than phenol im the eoal gasification 
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Figure 21. Breakthrough Curves for Coal Gasification Wastewater 
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Figure 21. TOC Breakthrough Curve for Coal Gasification Wastewater 
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Wastewater due to its higher X/m value in Tabl 


ng 


Vee. However, tha 


Monieie own Valle as due to the concentration of the 
PooSaainieacmy thydantoin being two arders of magnitude higher than 
the phenol concentration. A more definitive determination of 


adsorption preferences can be obtained from tha Dal Gasnttt teat ian 


n 


Wastewater Breakthrough curves where phenol] was the last campound 
Boeshow in the column effluent, and where phans!] dasplaced bath 


SyJ-cimethylhydantoin and S-ethyl—-S-methylhydantain from tie 
ahelepmiale Phenol] was apparantly the most strongly adsorbed 
compound. 

Aan aAreisonm on thea: </m values folnd wm Table’ a Oewith the 
Single solute isotherm curves for 5,5-dimethylhydantoin and 


aSeaemyin-a-methylhydantoin (Figures 9 and 103 reveals that the X/m 


Voiccearictinid an the column study? for caal) gasification wastewater 


Were significantly lower than the expacted K/m values fi the 
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Bure 
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ingle solute system given equivalent solute ¢ 


Qo 


Neentratiane. 


Ameompardason follows in Table 17. 
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3; 9-dimethylhydantain 


concentration Lone mae 
pure X/i 145 masg 
Wastewater X/m 25.5 meg 


sg-ethyl-S-methylhydantoin 


concentration 43565 ma/l 
Pure X/m 1a meee 
wastewater X/im 41.8 mg/g 


Hydantoin could not be shown since the gas chromatographic 
EGolugmns tsed could only retain 3,S-dimethylhydantoin, S-ethy1-35- 
methylhydantoin, phenol and cresols. Other compounds existed in 
the wastewater to provide an interference in using the TOL 


Hiaiweer ta provide an indirect reading of the hydantoin conc 


th 


n- 
Brataon. Therefore, hydantoin concentration could not bea 
datermined. 

The VOCebBreakthrough curve is anteresting since it shows 
that the wastewater contains some substances that are apparently 
not readily adsorbed on activated carbon. This is shown by noting 


that some TOC broke through the carbon column immediately from 
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Unease of thie! bests (lt tsi tassumed “that the compounds that were 
not adsorbed were large molecules that could not physically fit 


inside the carbon pore. 


6° Summary andy Ganeiusiens 


The batch kinetic tasts for single solutes demonstrated that 
the kinetics of adsorption for hydantoin, 3,3-dimethy lhydantoin, 
and S-ethyl-S-methylhydantoin were very rapid with most of the 
Sasorption occurring wm the ftrst 20 minutes. 

The relative strength of adsorption of the three solutes was 
established by the single salute, bisolute, and trisolute is4- 
tiermepoints as follows: hydantoin < 5,5-dimethylhydantoin 
s-ethyl-S-methylhydantoin. This relationship held true regardless 
of the relative concentration of each solute with respect to the 
other as demonstrated by the coal gasification wastewater break- 
through curve. Even though 5,S5-dimethylhydantoin was present in 
concentrations of 1977 mg/L, S-ethyl-S-methylhydantoin at concen- 
Gasnons of 456 ma“ was stqllabplve to displace it from the 
carbon, and was therefore more strongly adsorbed. The bisolute 
and trisolute isotherm points also demonstrated competitive 
effects between the solutes ralative to their respective 


strengths of adsorption. The X/m values for each adsorbate was 


76 


on & “ 
sie See? zhnvedmoes ett Dene Sswuete ab 


elie >teyds fen bigom sennG 


if 


is -izpomeh sefuTee Stent] 167 ejzed shisha 


ister va tomeh-2,0 ooitednebet web norsaveabe 16: 


tsa Ttete (bes ict eselhen- Gye ae nwt de tpebe te - 


mal =o - 


-_ 


enofegTonea bre ered 1.2 


a 


~~ 


) 135m Ste Diet Cie Bee TP ORMERyE, 
.2fibern OF ten? ana = 


ioe seyad ett To ech Jegeees 76 aaanevse 


’ 


jtulvatst Oem Setdieore pasurer stonte eae ° 
sinstunl pigeetb@=6.8 @-nheageeaew tewol tet * 

suyvi blad giqenshtetiean wirent onfhosmabacatl ye 
fonseee’ O2>w etuhee® ean Fe <oxtenimaents 


taweteiw Kor pent tas eat ieo>, 44 vd oS fed ten om 2. 


Ts°q ff fistirebyal yaigne e-bge Seuewe rowed. os 


© Afetneesn ll ire sarge) Yaie-e i dvem Tver t's a 
War? 21 saefdery of Bite rk eae sew ei Sth te 4 
ay «shetheosbe sw hetetig aorem anbhedarid Baw DR 

pis pecan be evJanomeh® cele sinrse mesanveer ory 


riz@aans, treat a4 ll sh tein oe ait naeuted! i 


= 


- 
e 


ys 


| 


Markedly reduced Gy the presence of a Second and third salut 


tm 


Viithiminims Qivetheweightsafi,aetivated carbon, there was ca finit 


1g 


number of adsorption sites that could be utilized by the thre 


wm 


adsorbates. Although hydantoin was the least strongly adsorbed 
solute, it was not totally desorbed by eigher the 5,5-dimethyl- 
hydantoin or the S-ethyl-S-methylhydantoin, and 3,3-dimethyl- 
Rydantoin was not totally desorbed by the S-ethyl-S-methylhydan- 
toin. Since the X/m values for the less strongly adsorbed com- 
Pounds are lower than the corresponding X/m value for the single 
Sees yo it iis obvious Some displacement af the weaker by the more 
strongly adsorbed compoumd occurs. However, since an apparently 
large percentage of the weaker adsorbate, Rydantoin, would still 
ba adsorbed on the carbon after the most strongly adsorbed com- 
Pound, S-ethyl-S-methylhydantoain, had reached equilibrium, ad- 
sorption sites on the carbon appear to have a site specific 
affinity for one particular solute over the other. 

The characteristics of the various adsorbates could be tha 
Jeading cause of the adsorption preferences encountered, The 
difference in molecular structure of the three solutes was the 
BeSenece vot the alksyl (groups ar “hydrogen bonded to the E€C(5):; 
Hydantoin had no alkyl groups and was the most weakly adsorbed. 
SJ-Ethyl-S-methylhydantoin had the largest malecular weight func- 
tional groups and was the most strongly adsorbed. Syo-Dimethy 1- 


Hveantoin Wasvin an intermediate positionsof adsorption strength. 
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Examples of adsorption strength based upon functional groups 


attached to the solute molecules were previously found by Belfort 


ul 


The pH adjusted isotherm points within the high, mid-range, 
and low-range for #ach single solute isotherm conclusively showed 
that at a PH of 4 and 7, the X/m values were within #xperimental 
error of the isotherm curve. At PH 9, Rowever, the X/m value was 
much lower. Hhheretone, satya plhipefi(Ss thegamount «of salute 
aescpedepen Unit weight of carbon iS singiticantly reduced. 

The X/m values for the single solute breakthrough curves 
were either directly on or within experimental error of the #/m 
Value for an equivalent solute concentration on the pure solute 
breakthrough curves. This phenomena enhances the probability that 
the single solute isotherms are accurate. 

For the bisolut2® and trisolute curves, thea X/m values deman- 
strated the adsorption preference of the activated carbon for the 
tm@meesadsorbates. From Table 9; it is obvious that 5,5-dimethytl- 
hydantoin 15 more strongly adsorbed than hydantoin from the 
hydantoin/5,3s-dimethylhydantoin A/m values, and from the trisol- 
ute K/m values, that S-ethyl-S-methylhydantoin is more strongly 
adsorbed than both of the other two adsorbates,. Also, Bbyuobsen= 
ving the solute displacements which occurred on the actual bisol- 


Peeeanadoetrisoalute breakthrough curves Figures 17 through 20), a 


relative adsorption preference can be observed. 
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Bram the canbon adsonptian studies, it ts apparent that 
Hhydantoins are poorly adsorbed by activated carbon. Based upon an 
ieee, of FSo.5 mo/q for 3s,c0-dimethylhydantain (1977 mg/L) in 
Seale gasification wastewater, in order to reduce the 3,3-di- 
methylhydantoin by 530% (1 g/L); the amount of carbon required is 
10.2 9 per liter of wastewater processed. This equates ta apprax- 
imately 42.5 Tons/mgal which is an extremely high usage rate 
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Bmeaeonrough of TOC from the beginning of the test indicates that 
some compounds within the wastewater are@ not adsorbed by the 
activated carbon at all. Therefore, adsorption by activated 
carbon does not appear to be a viabl@ alternative in the removal 
of hydantoins from the wastewater. 

Since hydantoins are not readily adsorbed on carbon, a noan- 
Polar adsorbent, the possibility exists that a polar adsorbent 
may be more affective in removal of hydantains from the waste- 
water, Snes imate ons are (Sn dnciesan lyon the form of cakian ke 
Speeies below a pH of 9.0-9.2, an anionie® resin may be more 
efficient in the removal of Hydantoins. Further study would be 


Hectiinmed to varity this “theory . 
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